Objective: Otogenic brain abscesses are one of the most significant life-threatening complications of otologic infections. Given their low prevalence, otogenic brain abscesses require a high index of suspicion for diagnosis. In this systematic review, we aim to provide an analysis of otogenic brain abscesses and describe common clinical signs and symptoms, bacteriology, location, treatment options, morbidity, and mortality. Data Sources: PubMed, Cochrane CENTRAL database, Google Scholar, and Scopus.
INTRODUCTION
Otitis media (OM) is a common otologic condition in pediatric and adult populations. OM is typically classified into acute otitis media (AOM) chronic otitis media (COM) and otitis media with effusion (OME). 1 Chronic suppurative otitis media (CSOM) is a subtype of COM characterized by persistent drainage from the middle ear associated with a perforated ear drum, with or without cholesteatoma. 2, 3 CSOM affects 65-330 million people worldwide, mainly in developing countries and has been estimated that there are 31 million new cases of CSOM per year, with 22.6 % in children less than 5 years old. 4 Similar to AOM and OME, CSOM has a profound impact on society in terms of hearing, but also has increased morbidity and mortality due potential for lifethreatening complications. 5 Although rare, complications of OM are commonly encountered given its high prevalence. Complications of OM are classified as extracranial or intracranial. Brain abscess are commonly considered the second most common intracranial complication of OM after meningitis (Fig. 1) . 6 Historically, it has been reported that 25% of brain abscesses in children were otogenic, whereas in adults it is thought that more than 50% of brain abscesses were otogenic. 7, 8 The development of antibiotics and the availability of advanced imaging techniques, such as computed tomography (CT) and magnetic resonance imaging (MRI) have decreased the incidence and mortality of otogenic brain abscesses over the past two decades, particularly in developed nations. 6 Despite its rarity, otogenic brain abscesses are still encountered in the developed world. Few large-scale reports have investigated common features of otogenic abscesses. Most reports on otogenic brain abscess derive from single-center case series. In this systematic review, we aim to provide an analysis of otogenic brain abscesses and describe common clinical signs and symptoms, bacteriology, location, treatment, morbidity, and mortality. A better understanding of clinical features of otogenic brain abscess may assist in improved diagnosis and management.
METHODS

Search Strategy
A review of the literature was conducted to comprehensively identify articles related to otogenic brain abscesses. We used the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) checklist and statement recommendations as a guide to this qualitative systematic review. In October 2016, we searched PubMed, Cochrane CENTRAL database, Google Scholar, and Scopus for relevant publications for all available dates. A principal electronic search strategy was designed for use in PubMed and then tailored for the other electronic databases. The initial search combined key terms related to complications of otitis media, brain abscess, and the following Medical Subject Headings (MeSH terms): "Abscess, Brain" (MeSH Terms), "Ear, Middle" (MeSH Terms), "otitis media, suppurative" (MeSH Terms), and "Brain abscess, pyogenic" (MeSH Terms). Additional publications were identified by reviewing the reference lists of articles in the search described above.
Inclusion and Exclusion Criteria
We sought to examine studies that specifically addressed otogenic brain abscesses to determine clinical features, treatment, and outcomes. The patient population addressed included adult and pediatric individuals with an otogenic brain abscess. As outlined below, we attempted to include all forms of study design. Papers must have been available in the English language with a title, abstract, and full manuscript available. All study types, including case reports and case series, were included. Articles were then reviewed to confirm a focus on otogenic brain abscess. Full publications were obtained following initial selection of titles and abstracts. Two investigators (E.D.K., M.D.) independently reviewed articles for inclusion and exclusion criteria.
Study Extraction, Categorization, and Analysis
Articles were assessed for variables including study size, location, setting, main outcome measures (as described above), and conclusions. Data was subsequently extracted and compiled in an electronic data extraction form. In the event of uncertainty, two independent investigators (E.D.K., M.J.D.) discussed the relevant finding and determined an outcome based on consensus.
Level and Quality of Evidence
To assess the level of evidence, studies were categorized based on the 2011 Oxford Centre for Evidence-based MedicineLevels of Evidence.
9,10 Level 1 was defined as a systematic review of randomized trials; Level 2 was defined as a randomized trial or observational study with dramatic effect; Level 3 was defined as a nonrandomized controlled cohort/follow-up study; Level 4 was defined as a case-series, case-control, or historically controlled study.
To assess the quality of each study, a 14-item checklist was generated a priori, assessing research design, patient selection, and presentation of outcome data (Table I) . Criteria were chosen based on previous systematic reviews. Studies were assigned one point based on each listed item. Studies with a total score of 10 to 14 points were considered "high quality"; studies with a score Fig. 1 . Coronal T1 fat-suppressed post gadolinium (A) and axial T2 (B) MR images demonstrate an intraaxial left temporal lobe peripherally enhancing lesion (white asterisk), adjacent dural enhancement (white arrowhead) and a peripheral rim of T2 hypointense signal (short white arrow). There is surrounding edema resulting in uncal herniation (long white arrow). On coronal (C) and axial (D) CT, there is a soft tissue mass in the left middle ear and mastoid with erosion of the middle ear ossicles (black arrowhead), expansion of the aditus ad antrum (black asterisk) and erosion of the tegmen (black arrow). of 6 to 9 were considered "moderate quality"; and studies with a score of 0 to 5 were considered "low quality."
Statistical Analysis
Data on overlapping patients from different studies published by the same authors were determined. Descriptive analysis was performed. Statistical analysis was performed using SPSS (version 22.0; Chicago, IL, U.S.A.).
RESULTS
Study Selection
The primary search strategy initially identified 105 articles. The study selection process is illustrated in Figure 2. Studies were excluded for several reasons: 35 were duplicates, 32 had titles or abstract indicating irrelevance to study, and 9 were not available in English, had overlapping patients, and/or had discussion of brain abscess without clear description of etiology. After the above screening, the total number of articles that met inclusion and exclusion criteria was 29. Most studies focused on brain abscesses over a certain time period, of which a subset were otogenic in origin. There were some that focused on only otogenic abscesses and some that focused on complications of ear disease. All study designs were Retrospective Cohort Studies (RCR). Corresponding levels of evidence are based on the Centre for Evidence-Based Medicine, Oxford, where III-IV represents cohort studies. A level of evidence of IV is assigned to poor quality cohort studies, based on available data and design. The quality of evidence is based on a 14-item checklist was generated a priori, taking into account research design, patient selection, and presentation of outcome data (Table I) . Criteria were chosen based on previous systematic reviews. Studies were assigned one point based on each listed criteria. Studies with a total score of 10 to 14 points were considered "high quality"; studies with a score of 6 to 9 were considered "moderate quality"; and studies with a score of 0 to 5 were considered "low quality." M, Male; F, Female; y, years.
complete list of reviewed articles is available from the authors upon request.
Patient Demographics
The mean number of abscess cases reviewed per paper was 134 (range: 4-973). Of papers that evaluated all types of brain abscess (n 5 15), 31% (701 of 2245) were otogenic. Specific ages were not given in most studies on otogenic brain abscess. Where ages were available, patients ranged from 2 months to 76 years of age. A qualitative review of data indicates most patients with otogenic brain abscess were pediatric patients. Gender was not routinely quantified. In papers where gender was available, gender ranged from 60% to 78% male. (Table II) 
Location and Symptoms of Otogenic Brain Abscess
Of papers identifying otogenic comorbidities in patients presenting with brain abscess (n 5 21; 1046 otogenic abscesses), all stated that patients most commonly also suffered from suppurative chronic otitis media, with a prevalence of 43% to 100% (mean 88.3% 6 15.9). Seven studies also explicitly mentioned the prevalence of cholesteatoma, ranging from 21-100% (mean 75% 6 30.2). Two studies, Chun et al. and Fernandes et al., also identified mastoiditis as prevalent in 71% and 62%, respectively, of patients with otogenic brain abscess.
Most papers specifically addressed the intracranial location of abscesses of otogenic infection. Out of 1302 total otogenic abscesses, 55% (n 5 722) were found in the temporal lobe and 28% (n 5 369) were in the cerebellum.
Other locations mentioned included the frontal and parietal lobes, which were implicated in 5% (n 5 66). A total of 156 out of 1302 abscesses did not have an identified location. Across papers, the range of otogenic abscesses in the temporal lobe comprised 11% to 90% (median 57.5%), while otogenic abscesses in the cerebellum ranged from 4% to 80% (median 21.5%) (Fig. 3 , Table  III) .
Throughout all studies, the most common symptoms of patients with intracranial abscess secondary to ear disease were headache (82.5% of pooled patients) and altered mental status (75%). Meningeal irritation was present in 52.9% of patients, and papilledema was seen in 66.9% of those examined. Fever was identified in 35.5% of patients, and nausea/vomiting identified in 42.3%. Purulent otorrhea was mentioned in four studies, ranging from 5.7% to 92% of patients. 19, 30, 34, 39 Seizure was present in 24.2% of patients, and hemiparesis affected 42.3%. Focal neurological signs and seizures were associated with larger and more advanced abscesses and were reported most often in older studies that predated the use of CT scan (1977) for diagnosis (Fig. 4) .
Imaging and Bacteriology
In the CT era (commonly defined as after 1977) 21 , all reported abscesses were diagnosed with CT. Prior to CT, angiography was used in most cases. There were few reports of MRI diagnosis. 15 Of 29 studies, 14 described the specific bacteriology of otogenic abscesses (48%). The most commonly isolated bacteria was Proteus mirabilis (79%, 11 of 14) (Fig. 5, Table IV ). There was one report of undefined Streptococci species, and two reports of multiple isolates: one with P. mirabilis and Streptococcus species and one with Streptococcus and Staphylococcus species. In addition, there were other reports of Staphylococcus aureus, and Streptococci including milleri and viridans species; however, these reports did not note specific abscess location.
Surgical Management of Otogenic Brain Abscess
All the studies included in this review examined cases of brain abscess of otogenic origin, but many also included cases of brain abscess from other sources. A subset of papers (16 of 29) addressed treatment on otogenic abscesses specifically, and five of these provided detailed information on the number of cases undergoing each modality of treatment. 13, 14, 25, 34, 38 Of the 16 studies that specifically examined otogenic brain abscess treatment, 13 addressed the treatment of the abscess itself. Eleven of these 13 papers (85%) mentioned burr hole aspiration as a treatment modality for temporal otogenic abscess, and of these 11 studies, 10 considered it firstline treatment, with a range of 50% to 100% of patients undergoing burr hole aspiration. Burr hole aspiration was often coupled with antibiotic irrigation of the abscess cavity. In one study, Brand et al. (U.S.A., 1984), patients underwent craniotomy and burr hole aspiration at roughly equal proportions.
14 Treatment for otogenic abscesses in the cerebellum was less clearly defined, but Fig. 3 . Location of otogenic intracranial abscesses across all studies. The location of 905 out of 1302 total otogenic abscesses was specified. Most were located in the temporal lobe (n 5 722, 55% of total) or cerebellum (n 5 369, 28% of total). "Other" includes frontal lobe, parietal lobe and subdural locations (n 5 66, 5% of total). The location of 145 otogenic abscesses was not specified (11%).
Bradley et al. (U.K., 1984) specified that excision was performed for cases of cerebellar abscess. 13 Excision was also the most common second line treatment for temporal lobe abscesses. 12, 13, 18, 38 All studies that addressed the topic described excision of the abscess cavity if repeated aspirations failed to control the abscess. Few papers quantified the number of patients undergoing excision as a second line treatment, but Yang et al. mentioned that 30% of cases initially treated with aspiration ultimately required excision, and Bradley et al. stated that 11% of aspiration patients required excision. 13, 38 Other studies specified a rate of excision from 15% to 20%. 16, 25 Several papers made a mention of excision without quantification and some stated that the treatment modality was per the neurosurgeon's choice. A final treatment mentioned in some studies was a "drainage procedure," which could refer to burr hole aspiration, but was not further specified. 22, 23, 33 The other important component of treating an otogenic brain abscess lies in controlling the source of infection, eg, middle ear. Sixteen of 29 papers mentioned control of the otogenic infection as part of the treatment of patients, and all described a mastoidectomy as the first line treatment. Eleven of 16 papers described the surgical approach in more detail. Radical mastoidectomy was the most common approach, described in 10 of 11 papers. One paper used a canal wall up or down mastoidectomy/tympanoplasty approach in most patients. 14 A modified radical approach was used in a subset of patients (6.5%) in two studies. 13, 29 While radical mastoidectomy was generally the treatment of choice for source control, the timing of the surgery differed between papers. Bradley et al. stated that in most cases, neurosurgical drainage was performed first and then mastoidectomy was performed at a second operation. 13 Four patients in this cohort did receive concurrent surgeries due to severity of infection. Yen et al. (Taiwan, 1995) followed a similar approach, in which all patients that underwent mastoidectomy had it performed after an initial neurosurgical procedure. 39 Sun et al. (China, 2013) reported that abscess drainage and mastoidectomy were performed simultaneously, and that all patients underwent these procedures within 24 hours of admission. 36 Similarly, Nathoo et al. (South Africa, 2011) reported that in all cases, mastoidectomy was performed at the same setting as the neurosurgical intervention. 26 Other studies reported sequential surgeries versus simultaneous surgeries based on the patient presentation.
13,38
Complications and Mortality
Major complications of otogenic brain abscesses included meningitis, herniation, need for repeat surgical drainage, and death. Long-term complications included epilepsy (across all studies, a range of 11-48%) and permanent neurological deficits (5-33%), including aphasia, visual disturbances, ataxia, hemiparesis, and facial nerve damage. Several reports documented mortality from otogenic brain abscesses. There was a wide range from 0% mortality to 53% mortality, with a sharp decrease in mortality after the advent of the CT scan for diagnosis in 1977. Studies that explicitly recorded mortality before 1977 (n 5 12) had an average mortality of 34.4%, while studies that recorded mortality after 1977 (n 5 8) had an average mortality of 8.11% (Table V) .
DISCUSSION
In this systematic review, we present an analysis of otogenic brain abscesses and describe common clinical signs and symptoms, bacteriology, location, treatment, morbidity, and mortality. Few large-scale reports have investigated common features of otogenic brain abscesses. Our study has several notable findings. The most common presenting symptoms of otogenic brain abscess in the post-CT era are fever, headache, and nausea. Of reported otogenic abscesses, 67% were found in the temporal lobe and 27% were in the cerebellum. Second, most identified patients suffered from suppurative chronic otitis media, with a prevalence of 43% to 100% amongst all papers. Eight studies also explicitly mentioned the prevalence of cholesteatoma, ranging from 21% to 100%. 11, 19, 25, 29, 30, 33, 36, 39 The most common symptoms across all studies were headache, altered mental status, papilledema, and meningeal irritation. Patients presenting with otogenic abscess before the advent of CT imaging for diagnosis complained overwhelmingly of headache (97.5%). 27 A majority had altered mental status (78%) and fever (54%), and 37% displayed signs of increased intracranial pressure such as vomiting. 27 After CT imaging became a first-line diagnostic tool, fewer patients presented with headache (35%), altered mental status (5%), and vomiting (4%). 20, 25, 31, 39 This is likely due to earlier diagnoses . Microbiology. Microbiology data was available from 14 studies that specified a total of 16 common isolates from otogenic intracranial abscesses. Eleven of 14 (78.5%) of studies had P. mirabilis as the most common isolate while 1 of 14 (7.1%) specified Streptococcus species as the most common isolate. Two studies had more than one common isolate: one with P. mirabilis 1 Streptococcus species and one with Streptococcus and Staphylococcus species. and smaller abscesses. Thus, the most common presenting symptoms in the post-CT era were fever (with a similar proportion to the pre-CT era) at 44%, headache at 33%, and nausea at 18%. 20, 25, 31, 39 A temporal bone and brain CT scan or MRI (Fig. 1) should therefore be considered in any patient with a history of chronic ear disease presenting with new-onset fever, headache, and nausea, although it should be emphasized that only a minority of patients with otogenic brain abscess will present with any one of these symptoms. A condition with a potentially subtle presentation and a mortality rate of almost 10% requires a very high index of suspicion, and clinicians treating otologic infections should be alert to symptoms and the importance of imaging in making an early diagnosis.
Major complications of otogenic brain abscess included concurrent meningitis, brain herniation, and death. Longterm complications included epilepsy, aphasia, visual disturbances, ataxia, hemiparesis, and facial nerve damage. The rate of complications in the pre-CT era were much higher than the post-CT era. Of studies that quantified long-term complications in the pre-CT era (n 5 73 otogenic abscesses), 29% of patients (n 5 21) experienced the development of a seizure disorder, and 18% (n 5 13) experienced a permanent neurological deficit. 12, 16, 17, 24 Studies that quantified complications after the advent of CT (n 5 42 otogenic abscesses) recorded no patients with seizure disorder and only one patient with a long-term neurological deficit. 15, 25, 36, 39 Studies that explicitly recorded mortality after 1977 had an average mortality of 8.11%, compared to an average mortality of 34.4% prior to 1977.
Treatment of otogenic brain abscess was heterogeneous, but mostly consisted of intravenous antibiotics and surgical drainage via burr hole aspiration, craniotomy, or mastoidectomy (Table VI) . In many of the papers, the specific approach was not well-delineated. While some papers focused on the removal of the abscess and decompression of the intracranial cavity, others also emphasized the importance of source control and described approaches to mastoidectomy. Overall, treatment focused on surgery. While all patients across all studies received intravenous antibiotic therapy, very few of them (5% in Bradley et al.) underwent only medical treatment. 13 While specific antibiotics were rarely mentioned in the included studies, antibiotics to empirically treat brain abscesses commonly target potential pathogens, including streptococci, anaerobic bacteria, staphylococci, and gram-negative rods. Modern guidelines call for a third-generation cephalosporin plus metronidazole, with consideration of adding another drug to provide coverage for methicillin-resistant Staphylococcus aureus (MRSA). The duration of antibiotic treatment for brain abscess is usually at least 4 weeks. 40 Interestingly, Proteus mirabilis was the most commonly isolated bacterial pathogen from brain abscesses of otogenic origin, although Proteus is not the most common middle ear pathogen. One possible reason for this is that in all papers the patients most commonly suffered from CSOM, in which bacteriology is known to differ from that of AOM. 41, 42 Moreover, the gram-positive organisms are usually more often sensitive to the most commonly prescribed antibiotics for OM, leading to an increase of gram-negative organisms. Some older studies have also posited that more virulent flora, such as Streptococcus pneumoniae, lead to a more fulminant suppurative meningitis, while species such as Proteus and Pseudomonas are more likely to be associated with a more indolent infection with bone erosion, chronic otitis media with or without cholesteatoma, and, rarely, intracranial abscess formation. 43 Finally, anaerobic bacteria likely play a role in these infections, but are difficult to isolate due to challenges in culturing. Indeed, studies that include specific techniques to culture anaerobes, such as Hafidh et al., demonstrated that anaerobes were the most commonly cultured organism from otogenic abscesses. 44 Unfortunately, little to no information is available on the antibiotic exposure patients had prior to collection of cultures, which may skew microbiological findings at the time of culture collection.
At our institution, otogenic brain abscess cases are treated via a team approach, following the algorithm described in Figure 6 . In patients presenting with an otogenic infection and other "red flag" systemic symptoms such as fever, headache, altered mental status, nausea/vomiting, or any localizing neurologic signs, initial work-up consists of labs, imaging, and cultures. If an abscess is identified on imaging, neurosurgical and otolaryngology consults are called for determination of urgent operative intervention. Empiric intravenous antibiotic therapy, such as Metronidazole and Ceftriaxone, is initiated, and a tympanostomy tube may be placed in the case of a nondraining ear.
Neurosurgical treatment of the abscess is first-line for lesions 2.5 cm or larger. The specific method of abscess treatment (burr hole, stereotactic drainage, or open craniotomy) has been found to be less important than infection control and radiographic character of the lesion. 44, 45 It has been proposed that abscesses less than 2.5 cm can be managed conservatively with antibiotics, though this is controversial. 46 Removal of the abscess via excision is the first-line surgical technique for superficial brain abscesses (as is often the case with an otogenic origin), 8 encapsulated abscesses, or abscesses of the cerebellum. Otherwise, the abscess is stereotactically aspirated under image guidance (generally CT) via burrhole. If needle aspiration fails to decrease the size of the abscess, excision is performed. Cultures are taken at the time of aspiration. Coordination between otology and neurosurgical teams is key in the treatment of otogenic abscesses where source control must be obtained via mastoidectomy, in a single staged or delayed fashion, depending on availability and patient stability. In cases of clinical deterioration or neurological alteration, the brain abscess should be evacuated urgently by the neurosurgical team, and the mastoidectomy can follow as operative planning allows for source control. However, a combined surgical approach between the two teams when allowed by the clinical scenario is optimal. Intravenous antibiotic coverage is narrowed based on culture data and continued for four to eight weeks and follow-up CT scans are used to ensure that the abscess has resolved. Prophylactic anticonvulsants can be used throughout and several weeks after hospitalization to prevent seizures.
There are several weaknesses of the present study. First, our search criteria may have missed articles that describe otogenic brain abscess. Our search criteria lead to the examination of papers over a 50-year period, during which time the evolution in (MeSH terms) made identification of all studies involving otogenic abscess challenging. Second, there may have been bias introduced into our systematic review due to our inclusion and exclusion criteria. Non-English articles may have yielded additional studies deserving of review, especially on the topic of operative otogenic brain abscesses. Negative findings may not have been published. Finally, many of the papers described herein have nonstandardized approaches to describing outcomes data. As part of the data analysis, best attempts were made to: 1) describe the study design, and 2) fit disparate data into comparable and interpretable datasets that may serve as a reference to the reader. We acknowledge that data reorganization is subject to author interpretation. To address this limitation, two authors independently reviewed papers for accuracy.
CONCLUSION
Although rare, otogenic brain abscess may occur as a complication of acute and chronic suppurative otitis media. Otolaryngologists should have a high index of suspicion for otogenic abscesses in patients with a history of chronic ear disease and new symptoms of fever, headache, and nausea. Where warranted, prompt imaging may aid in more rapid diagnosis and treatment of otogenic brain abscess.
